INTRODUCTION
Fabry disease (OMIM no. 301500) is an X-linked recessive lysosomal storage disorder caused by a deficiency of the a-galactosidase A (GLA) enzyme (EC 3.2.1. 22) . 1 GLA deficiency results in the accumulation of globotriaosylceramide (GL3), and related glycosphingolipids, in the lysosomes of various tissues and cell types. The incidence of Fabry disease was known to be 1 in 1250-117 000 live male births worldwide. [2] [3] [4] [5] Clinical manifestations of Fabry disease are variable. Patients with classical Fabry disease present with acroparethesis, hypohidrosis, angiokeratoma, corneal opacities and varying degrees of autonomic dysfunction in childhood or adolescence, and suffer from chronic renal failure, hypertrophic cardiomyopathy or cerebral vascular events, which can lead to death in their second to fifth decade. 3, 6 Most male patients present with classical Fabry disease, whereas heterozygous females experience a wide spectrum of disease severity ranging from asymptomatic to presentation with classical disease. 3, 6 Patients with residual GLA activity show atypical Fabry disease with milder clinical manifestations. To date, three disease variants have been identified as atypical. The cardiac variant refers to manifestations confined to left ventricular hypertrophy, conduction abnormalities or cardiomyopathy without other systemic manifestations. [7] [8] [9] [10] Patients with the renal variant usually present with proteinuria and renal insufficiency without classical manifestations. However, most such patients also show cardiac manifestations, [11] [12] [13] [14] indicating that the renal variant might be intermediate between the cardiac variant and classical disease. More recently, the cerebral vascular variant was reported as causing acute strokes in young adults. 15 Efforts have been made to explain the wide range of phenotypic heterogeneity in Fabry disease. To date, more than 500 mutations have been identified in the GLA gene, located at Xq22. The majority of mutations are private, restricted to only one or a few families (www.hgmd.cf.ac.uk/ac/index.php). More than 58% of mutations are missense or nonsense, whereas splicing, small or gross deletions or insertion mutations comprise the remainder. Most mutations in classical Fabry disease affect the catalytic activity of the enzyme, whereas mutations in atypical Fabry disease do not affect enzyme activity per se but rather lead to improper protein folding and, subsequently, instability of the tertiary structure. 7, [16] [17] [18] These mutant proteins retain some residual enzyme activity, which is related to the milder phenotypes of atypical Fabry disease.
In a previous report, we noted residual enzyme activities in COS-7 cells transiently overexpressing enzymes with the p.I91T and p.F113L mutations, which were identified in atypical Fabry disease. 19 In this report, we found remarkably high residual enzyme activity of a protein with the p.E66Q mutation, previously known as a pathogenic mutation in patients with atypical Fabry disease. 9, 11, 17, 20 p.E66Q synthesizes 40% of wild-type enzyme activity when overexpressed in COS-7 cells, indicating that p.E66Q might be a mild mutation or a functional single nucleotide polymorphism (SNP). 19 Herein, we report 25 distinct mutations in GLA, including six novel mutations, identified from 28 unrelated Korean families with Fabry disease. In addition, we review the clinical and biochemical findings of five patients with the p.E66Q variant and investigate the allele frequency of p.E66Q in the normal Korean population. We also discuss whether the p.E66Q variant should be classified as an SNP rather than a pathogenic mutation of Fabry disease.
MATERIALS AND METHODS Patients
The institutional review boards of Asan Medical Center, Seoul, Korea, approved this study (no. 2009-0220). Each patient signed a written informed consent. All the subjects, including probands and their family members, were evaluated for Fabry disease based on its clinical features, markedly decreased activity of GLA and results of genetic tests in the GLA gene. From October 1998 to November 2009, 28 unrelated Korean families, comprised of 33 males and 16 females, had been diagnosed at the Asan Medical Center and enrolled in the Korean Fabry Registry. 19, 21, 22 Clinical manifestations were reviewed in five patients from four families (family 25-28) with the p.E66Q variant. GL3 was measured both in plasma and urine of the patients. Plasma and urine were prepared with modification of the Bligh-Dyer method and evaluated by tandem mass spectrometry as described previously. 23, 24 Molecular analysis of the GLA gene Genomic DNA was extracted from peripheral blood leukocytes using the Puregene DNA isolation kit (Gentra, Minneapolis, MN, USA). The PCR products covering 7 exons and their exon-intron boundaries were directly sequenced using the BigDye Terminator kit, version 3.1 (Applied Biosystems, Foster city,CA, USA). For the proband of family no. 22, total RNA was isolated from peripheral leukocytes using the Quickgene RNA kit (Fujifilm, TK, JP). cDNA was synthesized with Moloney-Monkey Leukemia Virus reverse transcriptase (Promega, Madison, WI, USA). Additional PCR and sequencing analysis of cDNA around exon 5 was performed to verify the aberrant splicing by the novel intronic variation, IVS4 À11 T4A.
In vivo and in vitro biochemical assay of GLA activity
In vivo GLA activity was determined in each patient's leukocytes using the fluorogenic substrate, 4-methylumbelliferyl-a-D-galactopyranoside (BioVectra, Oxford, CT, USA), as described earlier. 25 N-acetylgalactosamine (0.1 M) (Amersham Pharmacia Biotech,Cedar Grove, NJ, USA) was used as an inhibitor of a-Gal B activity. In vitro assay of GLA activity was conducted as described earlier. 19 DNA purification and TaqMan SNP genotyping assay A total of 833 Korean subjects born in 2008, 490 males and 343 females, were recruited. The genomic DNA of their neonatal dried blood spot was extracted from one or two dried blood spot disks, 3 mm in diameter, using the Generation Capture Card Kit (Qiagen, Hilden, Germany). The allele frequency of the p.E66Q variant in the Korean population was estimated using the TaqMan SNP genotyping assay. Real-time PCR was conducted for GLA SNP genotyping. 5¢ VIC and FAM probes, together with a 3¢ non-fluorescent quencher (NFQ), were used as reporters of the p.E66-wild type and p.E66Q alleles, respectively. The sequences of wild type (p.E66) and variant (p.E66Q) probes are described in Table 1 . Real-time PCR was carried out using the Chromo 4 Four-Color Real-Time System (MJ Research, Waltham, MA, USA). Fluorescent data generated by cleavage of the dual-labeled probes were collected during the PCR annealing step. Data analysis for allelic discrimination was conducted using the MJ Opticon Monitor Analysis software (version 3.1; MJ research). Neonatal dried blood spots with the p.E66Q variant allele were confirmed by GLA mutation analysis.
Microsatellite analysis
The DNA extracts were amplified by PCR using primers for microsatellite markers on chromosome X, namely; DXS1060, DXS987, DXS1226, DXS1214, DXS1068, DXS993, DXS1001, DXS1047 and DXS8091. Forward primers were labeled by fluorescent dye (Applied Biosystems). Genomic DNA amplification was generated with a GeneAmp PCR System 9700 (Applied Biosystems). Microsatellites were analyzed with an Applied Biosystems ABI 3130xL genetic analyzer.
Immunofluorescence and confocal microscopy COS-7 cells were plated onto 35-mm 6-well culture plates without coverslips for immunofluorescence microscopy. The GLA expression vectors encoding wild type or mutant alleles were transfected into host cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and incubated with rabbit anti-human GLA antibodies at 37 1C for 48 h (Santa Cruz Biotechnology San Diego, CA, USA). The GLA antibody solution was removed, and cells were incubated with mouse anti-human LAMP1 antibody (Abcam, Cambridge, MA, USA) for lysosome identification or mouse anti-human PDI antibodies (Abcam) for endoplasmic reticulum (ER) identification. Subsequently, the cells were incubated with goat anti-rabbit IgG-RITC and goat anti-mouse-Rhodamine (Abcam). Slides were examined using a Leica TCS SP2 confocal laser scanning microscope (Leica Lasertechnik, Heidelberg, Germany).
RESULTS

Identification of 25 genotypes from 28 Korean families with Fabry disease
Twenty-five genotypes were identified in 28 Korean families with Fabry disease (Table 2) . Twenty-two of the genotypes were associated with classical Fabry disease. Such patients had markedly decreased GLA activity in comparison with control levels, both in plasma and in transiently overexpressed COS-7 cells. Two other genotypes, p.I91T and p.F113L, were identified in renal variants, with residual GLA enzyme activity. Each family had a distinct mutation in the GLA gene. Six novel mutations, p.W47X, p.C90X, p.D61EfsX32, IVS4 À11 T4A, p.D322E and p.W349R, were identified. Decreased GLA activities were shown in the leukocytes of each patient and or in transfected COS-7 cells. PCR amplification and sequencing of cDNA around the region of exon 5 in the proband of family 12 with IVS4 À11 T4A showed the skipping of exon 5, indicating the aberrant splicing by the mutation.
Clinical, biochemical and molecular biological characteristics of the p.E66Q variant Four families (families 25-28, patients 1-5) harbored the p.E66Q variant ( Table 2) . Patient 1 developed chronic diarrhea with cramping epigastric pain, and a sense of tingling in the extremities at 2 years of age (Table 3) . A gastroscopic examination showed reflux esophagitis with chronic gastritis. However, a nerve conduction study and electroencephalography yielded normal findings. Hypohidrosis, angiokeratoma, proteinuria, renal insufficiency and cardiac involvement were also absent. GLA activity in leukocytes assessed to rule out Fabry disease was decreased to 19.0% of the normal mean value (72.47 nmol -1 h -1 mg -1 ) ( Table 2) . A kidney biopsy revealed minimal mesangial hypercellularity without tubulointerstitial change and no myeloid body was noted. GL3 levels were normal in both plasma and urine. Enzyme replacement therapy (ERT), initiated at 2.5 years of age was, however, discontinued after 1 year because of diagnostic uncertainty, as well as no clinical improvement. Plasma and urine GL3 were normal. Proteinuria decreased to 1 g day -1 in 4 months with a small dose of angiotensin II receptor antagonist (Losartan, 25 mg day -1 ). Patients 3-5 did not suffer angiokeratoma, acroparesthesia, hypohidrosis or hearing loss. Currently, none of these five patients received ERT (Table 3) . The residual enzyme activity in each patient's leukocytes was 19.0-30.3% of mean normal activity (normal range, 72.41 ± 34.66 nmol -1 h -1 mg -1 ). Moreover, the enzyme activity of p.E66Q variant was 43.8±3.03% of normal activity in transiently overexpressed COS-7 cells (Table 2 ). Confocal microscopy showed that the p.E66Q variant GLA was expressed in lysosomes, a pattern similar to that of wild-type GLA, whereas the enzyme with the p.R112C mutation, a pathogenic mutation in atypical Fabry disease and that retains 4.7±0.13% of normal activity, 19 was not expressed in lysosomes, but was rather retained in the endoplasmic reticulum (ER) (Figure 1) . Allele frequencies of the p.E66Q variant in the Korean population Among 1176 alleles tested, 12 were found to harbor the p.E66Q variant. Two alleles were hemizygotes from two males and the remaining 10 heterozygotes from 10 females. The allele frequency in the Korean population was thus determined to be 1.046% (95% confidence interval, 0.458-1.634%). Analyses of microsatellite markers revealed that none of the 833 subjects was related.
DISCUSSION
In this report on Korean Fabry families, all mutations in the GLA gene, excluding p.E66Q (24/25), were private, in that they were restricted to an individual family, and widely distributed along the gene, as in other populations. 26 The characteristics of the mutations were also similar to those in other populations. Most mutations were point mutations (83.4%), including missense (50.0%), nonsense (29.2%), and splicing (4.2%) mutations, although a few deletion or insertion mutations were found to cause frame-shifts (16.6%). 26 With the advent of ERT, Fabry disease has become a treatable lysosomal storage disease. 3, 6 However, ERT has been most effective when initiated in the early stages of disease, and the long-term efficacy of ERT in the later stage of disease for prevention of complications such as renal failure, cardiac failure or stroke, has not yet been determined. 6, 15 To date, 0.25-1% of males receiving dialysis therapy because of renal failure, 3-4% of males with hypertropic cardiomyopathy, and 5% of males with acute cryptogenic stroke, have been identified as having Fabry disease. 2, 5, [10] [11] [12] [13] 15, 27 In this respect, a screening 
Abbreviations: SNHL, sensorineuronal hearing loss; GL3, globotriaosylceramide; ND, not-determined; NA, not-available. a Discontinued after 1 year of ERT due to diagnostic uncertainty. program to identify patients at early stages of disease is of course important for optimal patient prognosis. Moreover, recent two neonatal screening tests revealed that Fabry disease is more prevalent than had been expected, with an incidence of 1 in 1250-4600 individuals. 4, 5 However, these results require careful interpretation because most patients identified in the neonatal screening program carry mutations that are known to cause atypical Fabry disease, or mutations that were previously unknown. Because Fabry disease is a life-long condition that may lead to devastating complications during both early and late adulthood, genetic counseling of patients and their families identified by neonatal screening is a very difficult issue, especially from the ethical view point. Although the p.E66Q variant used to be considered a pathogenic mutation, the remarkably high frequency of this allele in the Korean population (41%) and the substantial residual enzymatic activity indicate that a careful and comprehensive evaluation is warranted to assess the role of p.E66Q in the development of Fabry disease.
With the exception of one report in which p.E66Q was one of the compound heterozygotes found in patients with classical Fabry disease, p.E66Q has been identified in only renal or cardiac variants of Fabry disease. 9, 11, 17, 20 However, the clinical manifestations of patients with p.E66Q in the cited reports were not sufficiently convincing to confirm p.E66Q as a disease-causing mutation. For instance, Nakao et al. 11 suggested that renal variants have a phenotype intermediate between cardiac variants and classical phenotypes. However, in contrast to their suggestion, the patient with p.E66Q had no cardiac manifestation although he was suffering from end-stage renal disease. The renal biopsy result was not available and the elevation of plasma GL3 was unremarkable. Furthermore, as reported by Yoshitama et al. 9 , a proband with p.E66Q showed asymmetric septal hypertrophy, which can make diagnosis of cardiomyopathy by Fabry disease indistinguishable from cardiomyopathy of other causes. Moreover, residual GLA activity was high, at 28.5-32% of the normal level in plasma and 28% of normal in leukocytes. 9, 11 Similarly, the clinical characteristics of the patients described in our report were not sufficiently convincing to permit diagnosis of atypical Fabry disease. Although two patients (patients 3 and 4) with p.E66Q had cardiomyopathy, no patient showed any other manifestations. Widespread vacuolar changes in mesangial and endothelial cells in the renal biopsy of patient 5 are known as rare findings in Fabry disease. 28 Normal GL3 levels and rapid decrease of proteinuria with small dose of anti-proteinuric medication also hindered the diagnosis. In addition, patient 5 did not show any cardiac manifestation. Although Fabry disease was suspected in patient 1, the onset was much earlier than has been reported in pediatric Fabry disease patients. 29, 30 In addition, the build up of GL-3 has not been observed. The pain in the extremities was not neuronopathic and the renal biopsy showed no findings suggestive of Fabry disease. Furthermore, relief from pain in the abdomen and extremities was improved by the administration of antacid medications, and not by ERT.
In contrast to other genotypes causing atypical Fabry disease with residual activities of 1.9-11.9% of normal enzyme activity, the p.E66Q enzyme retained a substantially higher activity (29-31% of mean normal activity) in plasma or leukocytes and 30% of mean normal activity in transiently over-expressed COS-7 cells. 8, 17, 19, 20 Indeed, we have reported p.E66Q activities as high as 40% of mean normal activity in the transiently overexpressed COS-7 cells. 19 X-ray crystallography shows that GLA is a homodimeric glycoprotein in which each monomer is composed of two domains (Figure 2 ). The N-terminal domain 1 contains the active site in a (b/a) 8 barrel, whereas the C-terminal domain 2 contains eight anti-parallel b sheets. Most mutations in atypical Fabry disease are not associated with the catalytic site, but are rather buried in the interior of GLA, causing improper enzyme folding and subsequent degradation in the ER. The protein is predicted to show more residual enzyme activity when a mutation occurs in a more surface-accessible residue. 17, 31 The location of p.E66 is distant from both the active site and the dimer interface, and has a more accessible surface area of 3.1 Å 2 than have other mutations of atypical Fabry disease (Figure 2) . 31, 32 Although predicted to be unstable at neutral pH, 17 which is similar to the pH of the ER, p.Glu66 The pocket for active site Domain 1
Domain 2
Figure 2 3D structure of GLA. Domain 1 in the N terminus contains the active site in (b/a) 8 barrels (green color), whereas domain 2 in the C terminus contains 8 antiparallel b sheets (brown color). p.E66 (yellow color) is distant from both the active site and dimer interface, and bears more accessible surface area of 3.1 Å 2 (Garman, 2007) . MMDB ID78.07 for GLA was presented using Cn3D, ver.4.1, available at the US National Center of Biotechnology Information, http://www.ncbi.nlm.nih.gov/.
our confocal microcopy results showed that the p.E66Q enzyme is more easily localized in the lysosomes (where GLA is more stable) than seen in other genotypes of atypical Fabry disease. Similar findings were noted for another variant, p.D313Y, which was previously classified as a disease-causing mutation but is now considered to be a functional SNP. Although the p.D313Y variant was unstable at neutral pH, the enzyme showed up to 60% of mean normal activity in transiently overexpressed cells, and was localized in lysosomes. 33 Considering the genotypic and phenotypic heterogeneities found in Fabry disease, environmental factors or modifying genes may affect phenotypic severity among patients with p.E66Q. 11, 34 In addition, because underlying diseases of the five patients in the current report are still undetermined, isolated proteinuria or hypertrophic cardiomyopathy can be the only manifestation in atypical Fabry disease, the age of patient 1 at the latest evaluation was only eight, and patient 3 and 5 are heterozygous carriers of p.E66Q, atypical Fabry disease might not be ruled out confidently in these patients. Therefore, longterm follow-up of these patients with p.E66Q are necessary for close observation of disease progression in the absence of ERT by GL-3 monitoring in urine and plasma.
In conclusion, this is the first report on a large Korean cohort with Fabry disease, revealing genotypic heterogeneities in the GLA gene. The p.E66Q previously classified as a disease-causing mutation in atypical Fabry disease encodes 40% of wild-type enzymatic activity in cells, and the enzyme readily accesses the lysosome. In addition, the high frequency (1.046%) of the allele in the Korean population and the lack of clinical features suggestive of Fabry disease, indicate that p.E66Q is not a disease-causing mutation but rather a functional SNP.
